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ABSTRACT. 'Shape' was the first criteria claimed to explain specificity between organic structure 
directing agents (OSDAs) and zeolite micropores. With the advent of computational chemistry 
methods applied to study the effectiveness of SDA-zeolite combinations, 'energy' (mainly van der 
Waals) became the most commonly invoked concept to explain zeolite phase selectivity. The lower 
the energy the better the SDA. In this study we rescue the concept of 'shape' and we combine it with 
the concept of 'energy' within the frame of a SDA screening approach to identify new SDAs for the 
synthesis of cage-based ITE zeolite. Once we identify an appropriate 'shape' fingerprint, filtering 
through the SDA database can be made fast and accurately. With the 'shape' selection, an automated 
Monte Carlo software allows to assess suitability using the force-field calculated zeo-SDA 'energy'. 
The computational approach can be promptly applied to other cage-based zeolites.
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Zeolites are a large and growing family of crystalline microporous alumino-silicates with 
important applications as selective adsorbents and catalysts. Obtaining new and modify existing 
zeolites is crucial in order to improve these applications, and this can be achieved by finding new 
organic molecules that can act as templates (structure directing agents, SDA) for their synthesis 
[1,2,3].
Many variables influence the synthesis process of a zeolitic material, making difficult to establish 
a relationship between synthetic variables and the particular zeolite structures formed [4]. Although 
relevant synthesis parameters are known, such as crystallization time, temperature, mineralization 
agent, solvent, pH, gel composition, structure-directing agent (SDA), concentration, a rational 
selection of the parameters necessary to drive the synthesis towards a specific zeolite is yet not 
possible, in spite of six decades [5] of intensive work.
Among the early attempts in trying to control how the synthesis variables determine the zeolite 
formed, the pioneer work of Zones [6] and Davis [7], among others [8], focused on the important 
role of the organic SDA (OSDA), particularly at high Si/Al ratio. This role is not only important but 
can also be rationalized into the intuitive concept of host-guest geometric (size and shape) match 
[9], that we will use in this study. This concept is entirely due to the hypothesis that the dominant 
host-guest interactions are short range, i.e. van der Waals interactions. A perfect match is, however, 
rarely found and in fact not needed, as demonstrated by the frequent rotational capability of OSDAs 
inside the zeolite micropores. The host-guest match concept was soon found to open an active topic 
in computational chemistry [10]. Within a few years it was possible to apply force field based 
methods not only to particular zeolita-OSDA systems [11], but also to series of zeolite-{OSDA}i or 
{zeolite}i-OSDA [12,13, 14]. This has been recently expanded with the advent of artificial 
intelligence algorithms, making possible the automated analysis of big data, allowing to select or 
design new SDAs using large databases or molecular building rules [15,16,17,18,19].
In this study we will use the latter approach, following our previously established methodology 
[15,16] and including some novelties, in order to design new SDAs for ITE (ITQ-3 [20]) zeolite, 
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with potential applications in separation of light hydrocarbons [21]. We developed two additional 
tools to improve our existing computational methodology: a) the selection of a large number of 
OSDAs from SciFinder database, and b) a new algorithm named ‘shoebox’ to search OSDA 
molecules that fit in a zeolite cavity.
Instead of choosing among conventional databases of organic molecules employed in a previous 
publication [16], we have tried to enlarge our previous database of 241 OSDAs [15]. For this task, 
we have taken quaternary ammonium monocations from SciFinder [22], allowing to expand the 
database up to 651 molecules. Notation of the SDAs appears with SciFinder codes that contain the 
corresponding quaternary ammonium cation, regardless the counteranion, that has not been 
considered. Additionally, we have selected from the literature 12 SDAs reported to drive the 
synthesis towards ITE zeolite (ITQ-3 and SSZ-36, a faulted intermediate between the RTH and 
ITE) [12,14,20], whose CAS codes are indicated in Table 1 and Figure 1.
The shoebox algorithm, inspired on previous calculations of molecular size [9], finds the two 
atoms of maximum intramolecular distance and makes a rotation to define a new x-axis along those 
two atoms. In the new coordinate system, the maximum and minimum coordinates over the three 
axis define a box (xmax-xmin, ymax-ymin, zmax-zmin) that we call shoebox and whose values, 
ordered from largest to shortest (D1, D2, D3, respectively) are our definition of SDA size. More 
details are given as Supporting Information. The resulting dimensions of the SDAs employed in the 
synthesis of ITE are included in Table 1. Using the value of the largest sphere that can be included 
[23] (MxSp) in ite cavity (8.3 Å), it is useful to calculate D1/MxSp (φ, Table 1), whose value 
should be not far from unity assuming host-guest match. From the spheric-like symmetry of ite 
cavity, D3/D1 and D2/D1 would ideally be close to unity, but in reality (see Table 1) they tend to be 
larger than 0.6.
From the above analysis, we consider that suitable SDAs for ITE zeolite should obey the 
following three conditions:
0.75 < D1/MxSp < 1.00;    D2/D1 > 0.6;    D3/D1 > 0.6 (1,2,3)
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Table 1. SDAs employed in the literature for the synthesis of ITE (ITQ-3, SSZ-36). Size-related 
parameters D1, D2, D3 (Å), φ=D1/MxSp (MxSp: largest sphere that can be included in ITE). Van 
der Waals ITE-SDA interactions (EvdW, kJ/mol) calculated per each SDA molecule. The values in 
kJ/Si, at full loading (four molecules per unit cell), can be obtained by applying the factor 4/64.
SDA Ref D1 D2 D3 φ D2/D1 D3/D1 EvdW
cas-137246-88-9 12 7.6 5.6 5.3 0.92 0.74 0.70 -127
cas-146876-90-6 12 6.8 4.9 4.0 0.82 0.72 0.59 -91
cas-167268-14-6 12,20 8.0 5.5 5.2 0.96 0.69 0.65 -132
cas-244048-92-8 12 7.4 5.7 4.0 0.89 0.77 0.54 -85
cas-733728-24-0 14 6.8 5.9 5.8 0.82 0.87 0.85 -119
cas-736916-61-3 12 7.3 5.5 4.8 0.88 0.75 0.66 -117
cas-738540-27-7 12 6.9 5.6 4.5 0.83 0.81 0.65 -90
cas-759445-18-6 12 6.9 5.7 5.3 0.83 0.83 0.77 -119
cas-768347-31-5 14 7.5 5.9 6.1 0.90 0.79 0.81 -146
cas-780025-35-6 12 8.4 5.5 6.5 1.01 0.65 0.77 -144
cas-783291-77-0 12 6.9 4.9 5.9 0.83 0.71 0.86 -125
cas-791573-35-8 12 7.4 5.5 3.9 0.89 0.74 0.53 -101
Figure 1. Organic SDAs employed in the literature for the synthesis of ITE (see Table 1).
In order to confirm whether van der Waals interaction energy between SDA and ITE structure is a 
relevant parameter to discriminate between suitable and unsuitable SDAs, we calculated those 
energies using a Monte Carlo + Lattice Energy Minimization approach using the software zeoTsda 
[15] (more details are given as Supporting Information). The software includes both: low loading 
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(one OSDA molecule per unit cell) and full loading, which for ITE corresponds to 4 molecules per 
unit cell (64 SiO2). The results (EvdW) are shown in Table 1, and indicate an energy interval of 
[-85,-146] kJ/mol for the stabilization energy of one OSDA molecule per ite cavity. Hence, we 
expect that alternative suitable SDAs for ITE zeolite should have interaction energies within the 
same interval.
Next, we run the shoebox algorithm through the database (651 SDAs) and we select those 
meeting the three geometrical conditions in equations 1-3. The SDAs selected are shown in Figure 
2, with their calculated geometric data, including size and van der Waals stabilisation energy. For 
SDAs containing chiral carbons, only the enantiomer shown in Table 2 has been considered. 
Table 2. SDAs from database meeting the three conditions of suitability for ITE zeolite: 0.75 < 
D1/MxSp < 1.00, D2/D1 > 0.6, D3/D1 > 0.6. Van der Waals ITE-SDA interactions (EvdW) 
calculated per each SDA molecule. The values in kJ/Si, at full loading (four molecules per unit 
cell), can be obtained by applying the factor 4/64.
SDA D1 D2 D3 φ D2/D1 D3/D1 EvdW
cas-129024-58-4 7.5 4.7 6.0 0.90 0.63 0.80 -103
cas-146876-82-6 7.5 5.6 5.9 0.90 0.75 0.79 -135
cas-166746-03-8 7.3 6.4 6.0 0.88 0.88 0.82 -120
cas-1677677-86-9 7.0 5.8 4.4 0.84 0.83 0.63 -102
cas-1918193-04-0 7.1 5.9 5.4 0.86 0.83 0.76 -121
cas-1918193-05-1 7.3 5.3 5.1 0.88 0.73 0.70 -89
cas-2242581-09-3 7.5 5.8 5.4 0.90 0.77 0.72 -128
cas-244048-95-1 6.9 5.9 5.8 0.83 0.86 0.84 -87
cas-25728-39-6 7.3 4.2 4.2 0.88 0.58 0.58 -87
cas-38018-80-3 6.9 6.1 5.6 0.83 0.88 0.81 -128
cas-400825-31-2 7.4 6.2 5.5 0.89 0.84 0.74 -120
cas-51780-27-9 7.4 5.7 6.6 0.89 0.77 0.89 -119
cas-918306-90-8 7.9 5.9 5.9 0.95 0.75 0.75 -139
cas-941-14-0 7.2 4.9 5.2 0.87 0.68 0.72 -118
cas-94267-29-5 6.8 5.9 4.4 0.82 0.87 0.65 -103
cas-96900-94-6 8.0 6.2 5.8 0.96 0.78 0.73 -139
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Figure 2. New candidate organic SDAs for the synthesis of ITE (see Table 2).
A comparison between Figures 1 and 2 allows to identify some similarities. Piperidinium 
derivatives such as cas-146876-90-6, cas-244048-92-8, cas-738540-27-7 and cas-791573-35-8 in 
Figure 1 can also be found in Figure 2 (cas-166746-03-8, cas-1677677-86-9, cas-1918193-04-0 and 
cas-51780-27-9). An azoniabicyclo-octane derivative (such as cas-137246-88-9, cas-733728-24-0 
and cas-759445-18-6, Figure 1), is found in Figure 2 (cas-941-14-0). New chemical diversity 
appears in Figure 2 with: a pyrrolium derivative (cas-244048-95-1), pyrrolidinium derivative (cas-
129024-58-4), adamantane derivatives (cas-146876-82-6 and cas-2242581-09-3), 5-
azoniaspiro[4.5]decane derivative (cas-1918193-05-1), quinolinium-decahydro (cas-96900-94-6 
and cas-918306-90-8) and cyclohexanaminium derivative (cas-94267-29-5), among others.
The SDA-ITE van der Waals interaction energies in Table 1 are in the interval [-85,-146] kJ/mol, 
similar to that in Table 2 ([-87,-139] kJ/mol), indicating that the computational methodology is 
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successful in finding candidate SDAs that stabilize ITE structure. Figure 3 (top) shows the final 
configuration of one of the candidate SDAs in Table 2, cas-941-14-0, with a strong van der Waals 
stabilisation (-118 kJ/mol) and a largest dimension (7.2 Å) fitting tightly in ite cavity (8.3 Å). The 
fit of cas-941-14-0 in ite cavity, and, for comparison, that of cas-167268-14-6, which is the original 
SDA of ITE [20], are also shown (Figure 3, bottom).
Figure 3. Top: SDA cas-941-14-0 in ITE. Bottom: Comparison of optimized conformations of cas-
167268-14-6 (left) and cas-941-14-0 (right) in ite cavity.
Figure 4 allows to rationalize the results in terms of size of the SDA and van der Waals 
stabilisation energy. An appropriate size descriptor has been defined for each SDA, 
(D1+D2+D3)×N, where N is the number of atoms, that shows a correlation with the van der Waals 
stabilization energy in ITE structure. Experimental SDAs of Table 1 (circles) and computationally 
found candidate SDAs of Table 2 (squares) fit equally well in this correlation, indicating that the 
computational methodology is giving results comparable to those of the experiments.
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The present computational methodology opens the way to suggest candidate SDAs for ITE just 
by calculating size descriptors, without the need of performing the more computationally 
demanding calculation of stabilization energy. The initial strategy of selecting three conditions 
regarding the SDA dimensions (D1,D2,D3) leads to a set of candidate SDAs (Table 2), all of which 
are included in the energy span expected for the synthesis of ITE (Figure 4). It has been possible to 
approximately rank the SDA suitability by defining a size descriptor. This simple strategy can be 
applied to any zeolites containing cavities and will contribute to suggest new SDAs for their 
synthesis.
Figure 4. Correlation between SDA size parameter and van der Waals stabilization energy in ITE. 
Circles: SDAs in Table 1. Squares: SDAs in Table 2. Linear fit: EvdW = -10.506 
-0.1584×(D1+D2+D3)×N.
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The Supporting Information is available free of charge at 
https://pubs.acs.org/doi/10.1021/acs.jpclett.xxxxxxx.
Computational details, additional data for Figure 4, comparison between ITE and RTH zeolites, 
figures of the optimized geometries of SDAs in ite cavity. The following files are free of charge: 
zeo_SDA_CIFs.zip (file type: ZIP), CIF files containing zeolite (ITE and RTH unit cells containing 
4 optimized molecules of each SDA in Tables 1 and 2).
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